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ABSTRACT
Phenotypic responses to dietary intake affect every individual, yet individuals consuming
similar diets frequently display a myriad of different responses. As diet-related disorders
are abundant in humans, understanding the means by which an individual’s genetics
dictate these physiological responses is essential. Furthermore, dietary restriction has
been shown to dramatically increase the length of lifespan in Drosophila melanogaster,
but the exact genetic mechanisms governing this response are still not fully understood.
In this study, I have used the Drosophila melanogaster Genetic Reference Panel (DGRP)
to pinpoint specific quantitative trait loci associated with a number of diet-induced
complex traits so as to better understand an individual’s genetic contribution to these
traits, as well as to understand the basis for dietary restriction-related lifespan extension.
The DGRP contains 184 inbred fly strains, distinguished by nearly 5 million identified
naturally-occurring genetic variations. By introducing theseunique strains to high- and
low-protein diets, I have observed phenotypic variations in lifespan, physical fitness,
starvation resistance, body weight, and triglyceride levels. These variations between
strains, as well as the differences within a strain on different diets, have been analyzed
via genome-wide association studies to identify particular variants that are associated
with diet-induced complex traits. Some of the genes in which variants were identified as
being associated with particular phenotypes include nimB3, which was associated with
starvation resistance phenotypes in flies raised on either high- or low-protein food
conditions, and CG43921, in which variants were found to be associated with regulating
body weight phenotypes in flies raised in either high- or low-protein food conditions.
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OVERVIEW
Naturally-occurring polymorphisms and their role in nutrient-related disease,
a leading cause of death.
Nutrient signaling and physiological responses to dietary intake are conditions that affect
every individual, from humans to less complex animals such as Drosophila
melanogaster. Obesity-related diseases include diabetes, cardiovascular disease,
reproductive complications, and some form of cancers (Minihane et al, 2007). From these
disorders, it is estimated that about 300,000 individuals die every year in the United
States alone, making diet-related disease one of the leading causes of death (Jemal et al,
2005). Much is known about how an organism reacts to a particular diet, and how these
responses might modulate disease. In short exposure to particular diets, physiological
responses such as weight loss and altered metabolism ensue (Lattka et al, 2012; Masson
et al, 2003; Moreno-Aliaga et al, 2005; Matsuo et al, 2009; Winkler et al, 2012).
Environmental factors as well as quantity and quality of nutrient consumption contribute
to the phenotype that an organism expresses (Bruce et al, 2013; Kannan and Fridell,
2013; Kapahi et al, 2009; Metaxakis and Partridge, 2013; Zid et al, 2009). Despite this
knowledge, the biological pathways behind these responses are only partially understood
(Katewa et al, 2012; Skorupa et al, 2008), especially because frequently two individuals
will express different responses to the same conditions. New information has come to the
forefront of nutrition studies suggesting that an individual’s genetics are in part
responsible for these different responses (Lattka et al, 2012; Masson et al, 2003; Matsuo
et al, 2009; Minihane et al, 2007; Moreno-Aliaga et al, 2005; Reed et al, 2010; Winkler et
al, 2012). With this knowledge, identifying particular genetic variations and interactions
1

can provide the key to the secrets of nutrient response. Discovering the genetic sources of
these phenotypes is imperative to successfully diagnose and effectively treat many of the
metabolic and digestive disorders associated with nutrient responses.

Dietary Restriction and Aging
As an organism ages, many bodily functions perform less efficiently and the organism’s
healthbegins to decline until the organism’s dies. The period of time in which an
organism experiences a healthy life is known as the healthspan, and determining methods
for extending this period has come to the forefront of age research. One mechanism that
has been indicated to delay these harmful effects of the aging process is dietary restriction
(DR) (Akagi et al, in submission; Bruce et al, 2013; Kannan and Fridell, 2013; Kapahi et
al, 2009; Kapahi et al, 2010; Katewa and Kapahi, 2011; Katewa et al, 2012; Metavakis
and Partridge, 2013; Skorupa et al, 2008; Zid et al, 2009). Rearing an organism on a diet
that is low in protein has beenshown to extend lifespan by a number of methods. It is
responsible for regulating the activity of Target of Rapamycin (TOR) (Kapahi et al, 2009;
Kapahi et al, 2010), a protein kinase associated with cell growth and translation. DR is
also known to increase an organism’s lipid metabolism through spontaneously increased
activity levels in Drosophila melanogaster (Katewa et al, 2012). Additionally, DR
exposure in D. melanogaster improves gut integrity through regulation of apoptosis and
intestinal stem cell proliferation to help stave off against bacterial infection (Akagi et al,
in submission). Because of these benefits, it is believed that the risk of obesity and related
diseases will also be dramatically decreased in humans on DR. The numerous benefits of

2

DR have been well-documented, but the degree to which these factors benefit one
individual over another and how an individual’s genetics affect this process is still not
known. Thus, it is imperative to investigate the role of natural variation and how it affects
the DR response.

Quantitative Trait Loci: Novel markers for identifying genes
responsible for complex traits.
Quantitative trait loci (QTLs) are features that have been identified as possible indicators
of a number of responses (Ayroles et al, 2009; Mackay, 2002; Mackay et al, 2009;
Massouras et al, 2012). QTLs are interacting genes or stretches of DNA that are
responsible for a particular phenotypic response. They contribute to complex traits that
operate on a range, such as height and longevity, as opposed to absolute traits. The idea
that multiple genes may interact and contribute to provide an observable trait has been
gaining in credibility, and new tools have been developed that facilitate studying
phenotypic responses through the interventions of genetic variation (Mackay et al, 2012).
QTLs have shown to be useful for studying phenotypic responses in many previous
studies, allowing the determination of genes associated with phenotypes ranging from
circadian rhythm patterns to olfactory behavior (Harbison et al, 2013; Swarup et al, 2012;
Swarup et al, 2013). Despite the multitude of possibilities surrounding QTLs, they have
yet to be studied for the purpose of identifying the pathways involved in nutrient
responses upon high- and low- protein diets. By utilizing new knowledge of QTLs, it is
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now possible to study their effects in a number of dietary conditions to identify what
roles they play in providing diet-induced phenotypic responses.

Drosophila melanogaster is a practical model for identifying QTLs.
Drosophila melanogaster has long been one of the most widely accepted models for the
purpose of genetic studies. Their genome consists of only four chromosomes, yet
contains key genes that are conserved across many species, including humans
(Musselman et al, 2011; Na et al, 2013; Pendse et al, 2013). Thus many findings from
studies performed on flies can be applied to human genetics as well (Katewa et al, 2012).
There are numerous other benefits to using flies as a model. They have a fast
reproductive rate and a short development time, allowing experiments to be begun in a
brief period of time. Additionally, they are easy to maintain and have a relatively short
lifespan of 2-3 months, making them ideal for age-related experimentation. By subjecting
flies to a number of experimental conditions, it is not only possible to quantify the
resulting phenotypes and responses, but it is also very practical. D. melanogaster proves
yet again to be the most useful tool for genetic research in regards to the study of QTLs.
The Drosophila melanogaster Genetic Reference Panel (DGRP), developed by the
Mackay Lab at North Carolina State University, provides a series of 184 fully-sequenced
fly lines derived by generations of wildtype inbreeding (Mackay et al, 2012). Within
these lines are 4,672,297 characterized single nucleotide polymorphisms (SNPs),
insertions, and deletions that are dispersed across the four fly chromosomes. With these
characterized polymorphisms, the DGRP provides a useful mechanism for studying
QTLs and their role in population genetics via genome-wide association studies.
4

Genome-wide association studies: Making practical use of the Drosophila
melanogaster Genetic Reference Panel fornutrient response studies.
With the polymorphism map provided in the DGRP, it is possible to correlate phenotypic
responses to various conditions through genome-wide association studies (GWAS)
(Mackay et al, 2012). Using a Mann-Whitney U Test (Mann and Whitney, 1947;
Wilcoxon, 1945), the strains are divided into groups of those containing a wildtype
polymorphism and those containing a variant. The phenotypes of these groups can be
used to determine the significance of the variant’s role in a particular response.
I have tested the 184 DGRP strains on different nutrient conditions through numerous
assays. The results have provided a keen insight to the true workings of QTLs and their
roles in nutrient response phenotypes, and GWAS performed in the Brem Lab at the
Buck Institute have pointed to particular variations that are associated with contributing
to these observed phenotypes. These findings not only indicate specific polymorphisms
and genes associated with the phenotypes of lipid metabolism and storage, levels of
activity, and lifespan, but will provide keys to better understand how nutrients affect dietbased disease and metabolism.

5

BACKGROUND
Diet-affected disorders are some of the most prevalent facing humans today, with obesity
and related diseases such as diabetes being some of the leading causes of death within the
United States (Jemal et al, 2005). Despite much being known about how nutrient
response phenotypes are mediated by intake and environmental factors (Bruce et al,
2013; Kannan and Fridell, 2013; Kapahi et al, 2009; Katewa et al, 2012; Lattka et al,
2012; Masson et al, 2003; Matsuo et al, 2009; Metaxakis and Partridge, 2013; Minihane
et al, 2007; Moreno-Aliaga et al, 2005; Skorupa et al, 2008; Winkler et al, 2012; Zid et al,
2009), it is crucial to understand exactly how genetic variation is responsible for nutrient
response to gain an understanding of how diseases are caused by an individual’s response
to diet and how they can be properly diagnosed and treated (Lattka et al, 2012; Masson et
al, 2003; Matsuo et al, 2009; Minihane et al, 2007; Moreno-Aliaga et al, 2005; Winkler et
al, 2012). The length of one’s lifespan (Delahanty and Nathan, 2008; Montero et al, 2012;
Willcox and Willcox, 2014), an individual’s lipid storage and metabolism (Arner et al,
2011), and physical ability (Yamaoka and Tango, 2012) are all traits that are affected by
nutrition, and the genetic contribution to these conditions is essential to understand.
Understanding the mechanisms behind one’s metabolism and fitness might also be a
useful tool for indicating health (Church et al, 2001; Church et al, 2004; Church et al,
2005; Cuenca-Garcia et al, 2014; Eisenmann et al, 2005; Garcia-Ortiz et al, 2014; GarciaValles et al, 2013; Vancampfort et al, 2014; Wei et al, 1999, Wei et al. 2000), thus
making these traits useful tools to better identify health risks.
Studies have been performed to better understand these mechanisms and to show how
populations respond to nutrients (Harbison et al, 2005; Harbison et al, 2005; Jumbo6

Lucioni et al, 2010). These studies have shown that phenotypes such as starvation
resistance and lifespan can be altered by genetic variants, but this research has all been
performed in single-diet conditions and none of them have utilized the DGRP to observe
how the genetics of a specific individual or a population are related to this response (Liao
et al, 2011; Rikke et al, 2006; Rikke et al, 2010). Through the use of the DGRP it is
possible to study the effects of a number of assays associated with nutrient response, and
through GWAS it is possible to identify specific regions of genetic information
responsible for the phenotypes expressed in the assays (Mackay et al, 2012). I have
focused on specific phenotypes that provide information relevant to understanding how
one’s diet is affected by genotype. I hypothesize that by feeding the sequenced DGRP fly
strains diets of different protein levels, I will be able to observe the diet-associated
phenotypes and recognize common genes that are affected by the polymorphisms
contained within the DGRP lines. I have tested this hypothesis by using genome-wide
associate studies through three approaches: identifying genes associated with lifespan
extension upon DR; determining genetic variants responsible for mediating diet- and agerelated physical fitness; and investigating and identifying the effects of QTLs on
starvation resistance and lipid storage.

7

Diagnosing the effect of genetic variation on the lifespan upon different
nutrient conditions and identifying associated genes.
The most important phenotype for which nutrients have been shown to play a role is in
modulating the length of the lifespan. Previous fly studies have shown extensively that
flies maintained in DR conditions show an extension in lifespan over flies raised in ad
libitum (AL) conditions (Bruce et al, 2013; Kannan and Fridell, 2013; Kapahi et al, 2009;
Katewa et al, 2012; Metaxakis and Partridge, 2013; Yamaoka and Tango, 2012; Zid et al,
2009). To this end, some individuals are better able to respond to more severe dietary
conditions than others but the mechanisms responsible are not known. It has been
observed that Drosophila melanogaster shows an increase in lifespan upon DR (Arner et
al, 2011; Katewa et al, 2012; Zid et al, 2009) (Figure 1A). The role of genetic variation
and how it affects nutrient response and the lifespan is yet to be fully identified, but data
from this study suggest that variation in the genome between individuals is indeed a
factor that affects the length of life (Brooks-Wilson, 2013; Kulminski and Culminskaya,
2013; Lunetta et al, 2007). By maintaining DGRP flies on low or high nutrient
conditions, it is possible to identify genes associated with particular lifespan phenotypes
through GWAS.

8

Figure 1 – w1118 lab control strain lifespan and starvation resistance upon DR and
AL. (n=200 flies)
(A) w1118 control flies show an extension in lifespan upon dietary restriction.
(B) w1118 control flies showing better survival upon starvation conditions after being
raised on DR conditions than flies raised on AL conditions.
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Identifying the role of genetic variation by identifying genes
associated with nutrient-induced activity levels.
Physical activity levels are also affected by nutrition and the aging process in Drosophila
melanogaster (Reed et al, 2010), and it is believed that this response is also applicable to
other models and humans (Bross et al, 2005; Guan et al, 2005; Jordan et al, 2007;
McCarter et al, 1997; Weed et al, 1997). It is widely accepted that physical activity,
fitness, and health are all closely correlated. Further, it is suggested that physical ability
may be one of the best indicators of health (Church et al, 2001; Church et al, 2004;
Church et al, 2005; Cuenca-Garcia et al, 2014; Eisenmann et al, 2005; Garcia-Ortiz et al,
2014; Vancampfort et al, 2014; Wei et al, 1999; Wei et al, 2000). Other studies have
suggested that there is an important distinction between extending the healthspan and
extending lifespan, and that particular genes may be associated with each extension
(Hughes et al, 2011). Thus, it is imperative to identify genes associated with each.
Fruit flies have a natural tendency to climb upwards in the vessels in which they are
contained, which can be utilized to test physical fitness (Desroches et al, 2010; Gargano
et al, 2005; Martin et al, 2005; Nichols et al, 2012; Tinkerhess et al, 2012). Younger flies
or those that are exposed to DR conditions tend to be more spontaneously active, and
older flies or those in AL conditions show significantly less activity (Katewa et al, 2012;
Reed et al, 2010). The basic knowledge of these trends provokes the question to what
degree an individual’s genetics modulate these phenotypes. Another question that arises
is how physical activity levels affected by diet and age indicate health. By feeding flies
different diets and quantifying their physical fitness by observing their climbing
behaviors, various activity trends have been observed across the distinct DGRP strains.
10

Further investigation into how activity levels are affected by age upon DR and AL
conditions has also indicated possible association with particular loci. By identifying
these loci, it will be possible to indicate specific markers that provide insight into the
natural variation of physical fitness, as well as the overall health of an individual over the
course of its life.

Observing the effects of genetic variation on lipid storage and starvation
resistance,and identifying genes associated with phenotypic response on DR and AL.
To further gain insight into how lifespan may be affected, it is possible to analyze the
genes associated with lipid storage (Ayroles et al, 2009; Harbison et al, 2004; Harbison et
al, 2005; Kapahi et al, 2010; Katewa et al, 2012; Rogers et al, 2011). One of the primary
ways in which an individual responds to diet is through the storage of fat, and the
efficiency by which one’s fat storage is metabolized. By analyzing lipid levels and
metabolism, it is possible to gain insight into the mechanisms by which one’s unique
genetic makeup controls these phenotypes, thus modulating diet response and effects on
the lifespan. By understanding these mechanisms, we gain key information regarding the
basis of diet-related diseases due to obesity. Improved efficiency of metabolism directly
influences lifespan extension (Ayroles et al, 2009; Harbison et al, 2004; Harbison et al,
2005; Kapahi et al, 2010; Katewa et al, 2012; Rogers et al, 2011), and thus identifying the
genes responsible for increased or decreased efficiency will provide better insight to the
cause of nutrient-related lifespan phenotypes. In flies, the efficiency by which an
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individual metabolizes its fat storage can be quantified by exposing the organism to acute
starvation conditions.
Previous studies have shown that individuals maintained on DR conditions prior to facing
starvation conditions tend to survive longer than flies raised in AL conditions (Kapahi et
al, 2010; Katewa et al, 2012; Rogers et al, 2011) (Figure 1B). Heightened lipid levels in
individuals have also been correlated with health risks, such as cardiovascular disease
(Ekblom-Bak et al, 2014; Tani et al, 2014; Zhu et al, 2013). Data obtained through
experimentation on the DGRP strains in acute starvation conditions have pointed to a
number of loci relevant to metabolism phenotypes, and tests of body weight and
triglyceride levels across the DGRP lines have provided better understanding of the
genetic bases behind lipid storage.
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METHODS
Lifespan Assay
Flies of a particular strain are mated 15 females to 3 males in bottles containing live yeast
(1.55% of total volume), cornmeal, sugar, and agar. Propionic acid solution is added to
all food to prevent fungal contamination. Mated flies are allowed to lay eggs for 5 days
and are dumped on the fifth day. Nine days later, mated female progeny are anesthetized
by CO2 and sorted onto one of two food types: DR (0.5% yeast extract, cornmeal, sugar,
and agar) or AL (5% yeast extract, cornmeal, sugar, and agar). Minimum 3 replicate vials
of 25 mated females flies per vial, per food type. Flies are then maintained on DR or AL
diet with vials being changed every other day to avoid death by waste, progeny, or food
rot. Dead flies are counted and removed at each vial change until all flies are dead
(Kapahi et al, 2009; Katewa and Kapahi, 2011; Katewa et al, 2012; Rogers et al, 2011;
Zid et al, 2009).

Starvation Assay
Flies are mated, raised, and sorted via methods previously stated. 3 replicate vials of 35
mated female flies per vial, per food type, are collected. 6 days after being maintained on
DR or AL conditions, flies are transferred to starvation media (99% water, 1% agar).
Dead flies are then counted daily at 8:00AM, 1:00PM, and 5:00PM until all flies are
dead. Flies are transferred to fresh starvation media vials at 1:00PM each day to avoid
death by waste or progeny (Kapahi et al, 2010; Katewa et al, 2012).
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Body Weight and Triglyceride Assay
Flies are mated, raised, and sorted via methods previously stated. On day 5 of rearing on
DR or AL food, 3 flies are frozen in eppendorf tubes in 5 replicates per food type.
Samples are weighed, homogenized, and triglyceride levels are quantified with use of
StanBio Triglyceride LiquiColor Test kit and Molecular Devices SpectraMax M2 MultiMode Microplate Reader.

Climbing Assay
Flies are mated, raised, and sorted via methods previously stated. Once per week
beginning with the day the flies are sorted, they are tested for physical ability via the
method adapted from Siddique et al (2013). Approximately 20-30 flies are placed in a
clean, empty vial. A line is drawn 6 centimeters above the bottom of the vial. The
percentage of flies that cross the line after 10 seconds is recorded. Each group of flies is
tested 3 times. Fitness value is the total area under the curve created by the percent of
flies crossing the line over different time points, each approximately 1 week apart until
all flies are dead.

Genome-wide Association Study
Statistical analysis of observed experimental phenotypes is performed by the Brem Lab at
the Buck Institute for Research on Aging. Using variant location maps of the DGRP
strains (Mackay et al, 2012), strains are separated by nucleotide variations and the
significance of phenotypic differences between variants is quantified by applying a
14

Wilcoxon-Mann-Whitney U test (Mann and Whitney, 1947; Wilcoxon, 1945).
Phenotypes tested are those relating to DR response, AL response, and DR/AL ratio. It is
necessary for multiple strains to exhibit similar phenotypes for a polymorphism to be
indicated as a significant marker for a phenotype, as one phenotype alone will not
provide a significant result. The number of similar phenotypes required depends on the
strength of the similarities. Only variants that are expressed in at least 5% of strains were
analyzed, creating a total of 1.8 million analyzed variants. To determine a p value
threshold for significance, a Bonferroni correction value was obtained. In order to ensure
with 95% certainty that variant hits did not arise by chance, the formula used for the
threshold was as follows: (0.05/1.8 million) = 2.8 x 10-8, where 0.05 is the percentage of
uncertainty and 1.8 million is the number of variants analyzed. To be considered
significant, all hits must have a p value < 2.8 x 10-8.

Fly Maintenance
All live flies are stored in a room with a controlled environment. Conditions are
maintained at approximately 25⁰C and 60% relative humidity. Flies are kept on a 12-hour
light/12-hour dark cycle throughout experimentation.

15

ASSAY
Lifespan

Climbing

Starvation

PURPOSE

METHOD

Determine the survival of a strain  Mated female flies sorted onto
upon a particular diet.
AL or DR diet
 Dead flies counted every 2
days until all are dead
Determine the physical ability of a  Mated female flies sorted onto
strain on a particular diet over the
AL or DR diet
course of its lifespan.
 Once per week until all flies
are dead, flies are placed in
empty vial with a line 6cm
above the bottom
 Percentage of flies able to
cross the line within 10
seconds recorded
Determine the efficiency of a strain’s  Mated female flies sorted onto
lipid metabolism, as well as stress
AL or DR diet
response to a lack of nutrients after
being raised on a particular diet.
 After 1 week, flies are
transferred to starvation media

 Dead flies are counted 3 times
a day to determine starvation
resistance
Body weight Determine the body weight of a strain  Mated female flies sorted onto
that has been raised on a particular
AL or DR diet
diet.
 After 5 days, flies are frozen
and weighed
Triglycerides Determine the triglyceride levels of a  Mated female flies sorted onto
strain that has been raised on a
AL or DR diet
particular diet.
 After 5 days, flies are frozen,
homogenized, and TG levels
are measured using StanBio
Triglyceride LiquiColor Test
kit and Molecular Devices
SpectraMax M2 Multi-Mode
Microplate Reader
Table 1 – Summary of methods for assays performed.
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RESULTS
Small genetic variations result in wildtype flies result in significant phenotypic
lifespan variations.
Through exposing the DGRP strains to AL and DR food, there have been a broad range
of phenotypic profiles (Figure 2). A majority of the strains have shown typical lifespan
survival properties (Figure 1, 2A), with DR flies surviving longer than AL flies, while
some others have shown a significantly more exaggerated increase in lifespan upon DR
(Figure 2B). There have also been a number of lifespans in which there was no
significant difference between the flies on AL and DR (Figure 2C). Perhaps the most
interesting of all phenotypes have shown the opposite of the expected lifespan curve. In
these, there have been an increase in lifespan upon AL diet (Figure 2D). With multiple
strains expressing similar phenotype patterns to these profiles, it has been possible to
perform GWAS to identify genes that are responsible for contributing to these
phenotypes.
Through the 90 completed strain lifespans, not only are there a number of qualitative
phenotypes between the relationship of DR and AL curves, but also differences in
quantified values which allows for analysis of the variations (Figure 3B-C). The mean
survival times upon the two food types have varied dramatically across the different
strains (Figure 3A), with some strains expressing similar DR lifespan values, some
showing similar AL values, and some displaying similar ratios of DR to AL lifespan
values. To verify results, a number of strains have been retested. In these repeats, the
mean and median lifespans were similar for both replications.

17

Figure 2–Various phenotypic lifespan profiles observed. (n> 75 flies)
(A) Typical survival pattern, with moderate extension in lifespan upon DR, in blue, over
AL, in red.
(B) Flies maintained on DR diet show a large increase in lifespan over flies maintained
on AL diet.
(C) Mean survival time equal for AL and DR flies.
(D) AL fliesliving significantly longer than DR flies.
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Figure 3 – Mean lifespan values across 90 strains.
(A) Mean lifespan values upon AL (red) and DR (blue) diets, arranged in order of AL
values.
(B) Proportion of strains expressing particular lengths of lifespan on DR (blue) and AL
(red) diets.
(C) Proportion of strains expressing particular DR/AL lifespan length ratios.
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Genome-wide association pinpoints variants to ppk12 and bbg as being associated
with diet-induced lifespan phenotypes.
With preliminary quantified lifespan values, analyses of variants across the completed
strains were tested to determine significant markers for lifespan response to nutrient
conditions. The top 5 associations have been detailed by comparing flies with different
nucleotide polymorphisms characterized through the DGRP and their related phenotypes
(Table 1). For flies raised on AL conditions, comparisons were made between the
phenotypes of flies containing particular alleles of a particular gene and those possessing
other alleles at the same locus. The same analyses were performed for flies raised on a
DR diet, and for comparison between the mean survival rate differences upon AL and DR
diets. Although no variants reached significance, the identified variants associated with
DR response closest to reaching significance include a polymorphism in the pickpocket
12 (ppk12) gene, which is associated with the sodium ion channel in the cell membrane,
gustatory response (Liu et al, 2003; Liu et al, 2012; Zhong et al, 2010), mating behavior
(Haussmann et al, 2013; Rezaval et al, 2012), and neural development (Haussmann et al,
2013; Rezaval et al 2012; Zhong et al, 2010). Another gene of interest from the
preliminary lifespan GWAS is Msp-300, which is involved with muscular junctions in
larvae (Morel et al. 2014). The most significant of the variants associated with AL
lifespan phenotype lies in an intergenic region, which may imply an importance in
regulating nearby promoter regions. Of the DR/AL ratio phenotype variants is the big
bang gene (bbg), which is known to be involved with gut immune tolerance (Bonnay et
al, 2013). As diet is certainly relevant to the gut, investigation of the significance of this
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gene and its polymorphisms could provide an understanding of how diets of various
protein levels can contribute to gut strength and immune response.
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Table 2 – Top 5 polymorphisms associated with DR lifespan, AL lifespan, and
DR/AL lifespan ratio.
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QTLs control diet- and age-related decline in activity, which is a health indicator.
As organisms age, it is expected that their activity levels and physical fitness will decline.
The degree with which this age-related activity decline occurs is not currently
understood, but through tests to measure physical ability in Drosophila it may be possible
to identify particular genes associated with this decline as well as physical capacity. It is
also known that diet helps modulate these responses, and my results show that flies raised
on AL diet tend to show decline earlier in their lifespan than do flies on a DR diet. Based
on the preliminary physical ability results obtained across 80 strains over the course of
their lifespan, there is somewhat of a trend suggesting that flies that are more active upon
DR diets also live longer (Figure 4A). Although this would seem to validate the
suggestion that physical fitness is an indicator of health in the flies, the correlation
between these phenotypes is remarkably loose. In similar fashion, the correlation between
AL mean lifespan and AL climbing ability (Figure 4B) as well as DR/AL lifespan ratio
and climbing ratio (Figure 4C) is also very loose. This possibly suggests that particular
variants are playing a role in increasing the healthspan while not extending the lifespan,
as more active flies are not necessarily living longer, or that previous suggestions about
this potential correlation are not accurate.
Quantified results are observed once each week for each strain. Somewhat surprisingly,
across the 80 completed strains there does not seem to be one common “typical”
phenotypic pattern, but rather many common patterns (Figure 5). This suggests that the
genetic variations between the strains are influencing their activity patterns. Nearly all of
the strains have displayed a trend in which DR flies are more capable of reaching the line
across the entirety of their lifespans, but there have been occasional strains where this has
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not been the case (Figure 5C-D). There are also two distinct groups in which both DR
and AL flies follow similar patterns (5A, D-F), or some where there is no common
pattern whatsoever (Figure 5B-C). Many of these phenotypic profiles are expressed in
more than one strain, which allows for GWAS analysis to identifying common variants.
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Figure 4 – Lifespan and physical fitness correlation.
Using the data from percent of flies able to climb 6cm in ten seconds.(n>20 flies)
(A) There is a positive trend suggesting between greater physical fitness and a longer
lifespan when fed a DR diet, although correlation is very weak.
(B) There is a slight trend suggestinga positive correlation between physical fitness and
longer lifespan upon AL, although correlation is very weak.
(C) There is a slight trend suggesting that flies that are more fit on a DR diet than AL is
related to the ratio of DR to AL mean lifespan.
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Figure 5 – Different physical fitness phenotypes observed. Tests were performed to
observe how fit each strain is throughout its lifetime upon AL and DR diets by observing
the percentage of flies in a vial that were able to reach a line6cm above the bottom of the
vial within 10 seconds. There was no “typical” trend, but many common trends. (n varies
throughout lifespan, but is always >20 flies)
(A) The most common trend, in which flieson AL (red) and DR (blue) followed similar
patterns throughout their lives, but AL flies showed a decreased ability to reach the line.
(B) Another common trend, where DR has enhanced physical ability over AL, but there
is no common pattern between the two groups.
(C) Neither AL nor DR flies are the more physically capable throughout the entirety of
the lifespan.
(D) For most of the lifespan, more AL flies are able to reach the line than DR flies.
(E) Only 1 week into the lifespan, both DR and AL flies show a massive decline in
climbing ability.
(F) No difference between DR and AL physical capabilities.
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In a similar fashion, each strain displays a different fitness from the time it is sorted onto
AL or DR food (Figure 6). Over time, this ability varies by strain (Figure 6A). Some
strains showed a decline so fast that only one week after the beginning of the lifespan the
flies were unable to climb the vial, whereas other strains were able to climb the vial for
more than a month without showing significant decline. There was also a noticeable
difference in physical ability between AL and DR flies (Figure 6B). A majority of the AL
strains were unable to climb the vial after one month of being on the AL diet, whereas
DR flies typically show this effect at a later stage in life. There was also a great deal of
variation between the total AL and DR fitness values for each strain over the course of
their life (Figure 6B), with the most common phenotype only making up 18% of all the
total phenotypes observed. The DR/AL ratio showed less variability, but there is still a
sufficient variation in phenotype to provide data for GWAS analysis.
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Figure 6 – Fitness values across 80 strains.
Percentage of flies crossing a line 6cm above the bottom of a vial within 10 seconds.
(A) Total fitness value across each of the strains over their lifetime.
(B) Proportions of DR (blue) and AL (red) fitness values across the strains.
(C) Distribution of DR/AL fitness value ratio phenotypes.
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bves, fz, and luna are identified by GWAS as candidates for mediating diet- and agerelated decline.
Preliminary GWAS provided genes potentially associated with total physical ability over
the course of the lifespan for the first 80 strains tested. Although no variants have
achieved significance, a number of genes were identified multiple times in the top 5 of
their respective phenotype categories. For DR phenotypes, the Drosophila blood vessel
gene (bves) (Bandin et al, 2013) appeared twice in the top 5 associated variants.
Computed Gene (CG) 15824 appeared four times within the top 5 variants potentially
associated with AL phenotypes. CG15824 has been implicated in adult testis expression
(flybase.org). Since all of the flies used in this test were female, CG15824 could also
serve another function that is yet to be determined. Also associated with AL phenotypes
is CG42268, which plays a role in imaginal disc formation in flies and thus plays a
significant role in morphology (Carreira et al, 2011). In the DR/AL ratio phenotype, two
genes appeared twice in the top 5 potential associations: frizzled (fz) and luna. fz is
known to be involved in the Wnt- signaling pathway (Carreira et al, 2011; Strutt et al,
2012), and luna is involved in oxidative stress response (Jordan et al, 2012). As multiple
variants within these genes were implicated with association to their specific diet-related
phenotypes, it strengthens the possibility that these genes are associated to the response.
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Table 3 – Top 5 polymorphisms associated with DR climbing ability, AL climbing
ability, and DR/AL climbing ability ratio.
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Genetic variation plays a role in modulating lipid metabolism.
Flies that are able to survive longer upon starvation media are considered more efficient
in metabolizing their fat storage. 174 of the 184 DGRP strains were tested for starvation
resistance. The other 10 strains were not reproductively strong, and thus were unable to
produce robust progeny numbers for experimentation. Through the completed
experiments, a number of phenotype profiles were observed across the strains. The
typical profile is similar to that of the w1118 lab control (Figure 1, 7A). This phenotype
has been most commonly expressed, although a number of others strains have shown
instances in which the DR extension of survival rate is drastically larger (Figure 7B). In
some cases there have been no diet-dependent difference in survival upon starvation
conditions (Figure 7C), or in other cases the flies raised in AL conditions have survived
longer, both in mean and in maximum survival (Figure 7D-E). Additionally, the total
mean starvation resistance for each strain varied greatly (Figure 8A). As was common
with the lifespan values, there were a number of phenotypes common amongst some
strains but distinct enough to distinguish variants (Figure8 B-C). Many of these strains
have been repeated to test reliability of these results, and the same phenotypes were
observed for each repeated experiment.
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Figure 7 – Different survival profiles observed upon acute starvation conditions.
DR shown in blue, AL shown in red. (n>50 flies)
(A) Typical pattern, similar to w1118 lab control strain.
(B) DR flies show a significant increase in mean survival time.
(C) No difference between ALand DR mean starvation resistance time.
(D) AL flies show a greater max starvation survival.
(E) AL has a greater meansurvival than DR upon starvation conditions.
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Figure 8 – Mean starvation survival across 174 strains.
(A) Each of the strains exhibit a different mean survival time upon acute starvation
conditions following 6 days on AL or DR diets. Arranged in order of mean starvation
resistance time (in hours), with the strain with the shortest time of resistance on the left
and the strain with the greatest time on the right. 10 strains did not produce enough
progeny to be tested.
(B) Distribution of AL (red) and DR (blue) starvation resistance phenotypes.
(C) Proportion of strains exhibiting particular DR/AL starvation resistance ratio
phenotypes.
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Genome-wide association studies have identified multiple variants responsible for
regulating lipid metabolism, including nimB3, Ance-3, and rdgA.
Through the strains tested for starvation resistance, genome-wide association studies have
been performed to identify genes that are associated with particular starvation resistance
phenotypes (Table 3). Many of the identified gene hits were found to be within a gene
region. On the other hand, the variant identified as the fifth-most significant hit
associated with DR/AL ratio was located in an intergenic region near a known gene.
Interestingly, the top variant identified in both AL and DR phenotypes is the Nimrod B3
(nimB3) gene. In AL conditions, nimB3 reached significance (Supplemental Figure 1).
nimB3 is in a family of genes that have been suggested to play a role in bacterial infection
in insect species (Kurucz et al, 2007; Midega et al, 2013; Zhu et al, 2013). It is expressed
in the fly fat body, which is what is metabolized under starvation conditions. Another top
hit is Ance-3, which is located in the vicinity of nimB3 (approximately 17kb away)
(flybase.org). Also interesting is the presence of Retinal Degeneration A (rdgA) variants
in the DR phenotype hits. Three variants within rdgA were identified within the top 5 hits
associated with this phenotype. Although none are significant, the repeated appearance of
rdgA is suggestive of possible importance in DR phenotype regulation. rdgA has been
associated with sensory deterioration (Georgiev et al, 2005; Kain et al, 2008), and also
recently has been implicated with regulating the TOR signaling pathway (Lin et al,
2014). CG8546 is also interesting, as it is a pickpocket gene. ppk12 was identified in the
preliminary lifespan screen GWAS results, and a different gene of the same family
appearing in the starvation screen seems to further suggest the importance of this gene
family.
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Table 4 – Top 5 polymorphisms associated with DR starvation resistance, AL
starvation resistance, and DR/AL starvation resistance ratio.
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Genetic variations greatly affect body weights of the DGRP strains upon AL and
DR diets.
Body weight is another indicator of how diet affects health (Fontana and Hu, 2014). It is
also highly affected by an individual’s ability to metabolize its fat storage. To further
investigate the mechanisms by which variants may affect health, samples were collected
from the DGRP strains for body weight measurement.
After 5 days on AL and DR conditions, each strain shows a particular phenotypic profile
(Figure 9) as well as a quantitative total weight (Figure 10). Approximately 98% of
strains showed a typical phenotype, in that AL flies weighed significantly more than DR
flies after 6 days on a particular diet (Figure 9A). There were also the occasional samples,
approximately 1% of all samples obtained, where there was no difference in weight
between AL and DR flies (Figure 9B) and some strains, approximately 1%, where DR
flies weighed slightly more than AL flies (Figure 9C). Despite similar patterns, there was
still much variability between the quantified values of the strains (Figure 10A-B), and
thus it was possible to run GWAS analysis to determine possibly associated genes.
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Figure 9 – Various phenotypic profiles of diet-induced body weight.
After 6 days on either AL or DR diets, strains exhibited a variety of phenotypes.
(n=15 flies)
(A) Most strains followed a typical trend, with AL flies (red) regularly weighing
significantly more than DR flies (blue).
(B) Some strains showed no difference between AL and DR body weights.
(C) A few strains showed a small difference between AL and DR, with DR flies
occasionally weighing more than AL flies.
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Figure 10 – Mean body weights across 174 strains.
(A) Each of the strains shows a unique diet-related body weight response after 5 days on
either AL or DR diet. Arranged in order of AL body weights from lowest (left) to highest
(right).
(B) Distributions of DR (blue) and AL (red) body weight phenotypes.
(C) Proportion of strains expressing particular DR/AL body weight ratio phenotypes.
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Genome-wide association studies indicate gene variants responsible for body weight
phenotypes, including CG43921, CG11970, and CG7329.
The phenotypic profiles of body weight measurements were distinct enough to provide
strong GWAS results (Table 4) for associated variants. Of the phenotypes associated with
DR response, the strongest was CG43921. CG43921 is known to be associated zinc
finger coding (Weber et al, 2012). Interestingly, the exact same variant was also the
second-most significant polymorphism associated with body weight phenotypes on AL.
This further suggests its importance within the body weight phenotype. The top variant
associated with AL phenotypes lies within CG11970, which encodes an NFκB-type
DNA-binding protein (flybase.org). The most fascinating aspect of this gene is that the
third- and fifth-most significant variants associated with AL phenotypes were also found
within CG11970. The frequency of this gene’s appearance strongly suggests its role in
regulating body weight, even though none of the variants achieved significance. For the
DR/AL ratio phenotype, the most significant variant was found within the gene CG7329.
This gene has a known function in triglyceride lipase activity (Horne et al, 2009), which
is involved in fat storage and metabolism, two factors known to regulate body weight.
Because of the relevant function of this gene, there is evidence to suggest the relevance of
this gene to body weight phenotypes. Also of interest is rdgA, in which multiple variants
were identified when screening for starvation resistance, and now a fourth variant is
seemingly associated with regulating AL body weight phenotypes.
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Table 5 – Top 5 polymorphisms associated with DR body weight, AL body weight,
and DR/AL body weight ratio.
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Triglyceride levels vary greatly due to QTLs.
To further test the fat levels of the DGRP strains, triglyceride levels have been quantified
in 134 strains. Each strain has expressed distinct phenotypes associated with DR and AL
diets (Figure 11). In many cases, the ratio of triglyceride levels to body weight was
higher in DR flies than they were in AL flies, although there are a number of strains in
which AL flies had higher levels. Since DR flies tend to be leaner (Figure 10), the level
of triglycerides per milligram of body weight is regularly significantly higher. It has also
been reported that DR flies increase their fatty acid production to account for increased
metabolism (Katewa, 2012). Thus, it is to be expected that the triglyceride levels of DR
flies could be more elevated than those of AL flies. There was much variability in the
DR, AL, and DR/AL phenotypes (Figure 11B-C), which allowed for GWAS analysis of
the traits associated with triglyceride levels.
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Figure 11 – Triglyceride levels across 134 strains.
(A) The triglyceride levels across each fly strain vary greatly upon AL (red) and DR
(blue) diets with body weight taken into account. Strains arranged in order from lowest
AL triglyceride level (left) to highest (right).
(B) Distributions of AL (red) and DR (blue) triglyceride phenotypes.
(C) Proportion of particular DR/AL triglyceride ratio phenotypes.
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GWAS provides QTLs responsible for triglyceride level modulation, such as
variants in bru-3 and Dgk.
With the triglyceride levels of 134 strains recorded, GWAS analysis identified the top
gene variants potentially associated with regulating triglyceride levels when fed DR or
AL diets, as well as DR/AL ratio. Of these variants, none were significant; however,
three variants within Bruno-3 (bru-3) were found to be within the top 5 variants
associated with AL triglyceride phenotype. bru-3 is known to be involved with mRNA
transcription regulation (Delauney et al, 2004; Good et al, 2000; Kandul and Noor, 2009).
Additionally, one particularly interesting variant identified as associated with DR/AL
ratio phenotype is diacylglycerol kinase (Dgk). As diacylglycerol kinase activity is also
regulated by transcription of rdgA (Lin et al, 2014), it is fascinating that another
diacylglycerol kinase gene was found to be responsible for possibly regulating another
phenotype (Harden et al, 1993; Inoue et al, 1992; Masai et al, 1992).
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Table 6 – Top 5 polymorphisms associated with DR triglyceride levels, AL
triglyceride levels, and DR/AL triglyceride levels ratio.
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RNA sequencing results indicate rdgA and nimB3 variants are located in exon
regions.
To further investigate the validity of particular identified variants, RNA sequencing data
was acquired from flybase.org to determine whether or not the locations of the identified
variants are within coding regions. Analysis of the body weight and starvation variants
within rdgA shows that the AL body weight variant is located within a region that is
expressed exclusively within the embryo stage of development, whereas the three
variants associated with DR starvation resistance lie within regions of the gene that are
exclusively expressed during larval and adult stages of life (Figure 12A). nimB3 RNA
sequencing data suggests that the AL- and DR-related variants in starvation resistance are
in regions that are expressed throughout the lifespan (Figure 12B). For CG43921, the
single AL- and DR-related body weight variant does not lie in exon regions (Figure 12C).
For CG11970, the three AL-related body weight variants all lie within a coding region
that is expressed throughout the fly lifespan (Figure 12D). The variant found to be
associated with the DR/AL body weight phenotype ratio hit CG7329 is located within a
region that is expressed solely in early larval and adult stages (Figure 12E).
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Figure 12 – RNA sequencing data determines whether identified variants are
present in coding regions.
Different colored layers show different stages within fly lifespan. Upper-most layers
represent earlier stages of life. Peak intensity suggests relative amount of mRNA
transcribed. All data obtained from flybase.org.
(A) RNA sequencing data associated with rdgA.
(B) RNA sequencing data associated with nimB3.
(C) RNA sequencing data associated with CG43921.
(D) RNA sequencing data associated with CG11970.
(E) RNA sequencing data associated with CG7329.
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DISCUSSION
My data support the hypothesis that particular genetic variations that contribute to
phenotypic responses to DR or AL conditions. Minute but significant genetic differences
within flies of the same genealogy have shown enough phenotypic variation when fed
two different diets to support the idea that particular QTLs affect responses to low- or
high-protein conditions. Lifespan, physical capabilities, and lipid metabolism and storage
are all distinct characteristics in flies that appear to be affected by these slight genetic
variations. This model provides an indication that similar variations between humans also
contribute to different responses to nutrients. By indicating which variations influence
nutrient level responses, we can gain a better understanding of the genetic influences on
many of the diet-related disorders that are plaguing humans. By analyzing the phenotypes
of the DGRP strains across a myriad of assays, a number of variants were pinpointed that
could potentially play a role in modulating the particular phenotypes they are associated
with. The genes within which these variants are located are scattered throughout the fly
genome (Figure 13).
The preliminary results of genome-wide association studies pinpointed a number of genes
potentially associated with lifespan regulation upon AL and DR feeding. The top gene
variant associated with the DR phenotype was located within the ppk12 gene. The
pickpocket gene family has been reported to have a role in neural stress response,
particularly in the larvae92. It has also been linked to post-mating behavior in female flies
(Haussmann et al, 2013; Rezaval et al, 2012). This is particularly interesting because
there is a known tradeoff between fecundity and lifespan. Previous studies have shown
that DR increases lifespan but decreases fecundity whereas AL diets shorten lifespan but
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increase fecundity (Adler et al, 2013). It is possible that this tradeoff is linked to the
pickpocket gene. The second-most significant variant identified with DR phenotype,
muscle-specific protein 30 (Msp-300), is shown to play a role in larval locomotion (Morel
et al, 2014). Msp-300 knockdown flies display deformed neuromuscular junction function
(Morel et al, 2014). Thus, this gene plays an essential role for survival, and this could
explain both the DR lifespan extension as well as the spontaneous activity within DR
flies3. In the DR/AL ratio phenotype, the most significantpolymorphism associated with
lifespan phenotype was within the bbg gene. bbg affects intestinal immune tolerance, and
that it is essential for maintaining a healthy lifespan (Bonnay et al, 2013). This QTL
could prove to be a key factor in determining the differences between AL and DR diet
response.
The relationship between lifespan and fitness is interesting, as increased physical fitness
is not associated with a longer lifespan in AL, and there are many variants from the trend
on DR. As it has been suggested that fitness is a relevant indicator of health (Church et al,
2001; Church et al, 2004; Church et al, 2005; Cuenca-Garcia et al, 2014; Eisenmann et al,
2005; Garcia-Ortiz et al, 2014; Vancampfort et al, 2014; Wei et al, 1999; Wei et al,
2000), and that the healthspan may not be regulated by the same genes as the lifespan
(Hughes et al, 2011), these data possibly indicate that the flies that are less physically fit
but are living longer lifespans are not healthy throughout their lives. Another possible
explanation is that there is not actually a relationship between fitness and healthspan,
which contradicts previous reports (Church et al, 2001; Church et al, 2004; Church et al,
2005; Cuenca-Garcia et al, 2014; Eisenmann et al, 2005; Garcia-Ortiz et al, 2014;
Vancampfort et al, 2014; Wei et al, 1999; Wei et al, 2000). Once analysis of the
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remaining strains is completed, it will hopefully provide more insight into this
relationship. It should be noted that not all long-lived organisms display heightened
activity levels. One such example is the tortoise, which has a relatively long lifespan but
is also very slow-moving throughout this lifespan. This example seems to disregard the
previously reported trend, and could validate the idea that this believed relationship is not
accurate.
Preliminary GWAS results for physical ability and fitness has indicated many intriguing
potential hits. In association with DR phenotypes, bves was indicated to possibly play a
role in regulation of physical ability. bves is known to play a role in blood vessel
formation (Lin et al, 2007), and any malformations due to variation in vessel formation
could certainly impact the lifespan. It is interesting, however, that this gene only appeared
in the DR phenotype hits, indicating that a relationship with low-protein diet seems to
cause some effect. Another interesting gene in which an important variant was signified
is the Retina aberrant in pattern (rap) gene. As its name suggests, rap is involved in
retinal formation (Karpilow et al, 1989). Although this variant was not found to have a
significant association, its role in retinal formation draws a reminder to another frequent
hit, rdgA (Georgiev et al, 2005; Kain et al, 2008). Perhaps retinal malformation plays a
role in multiple phenotypic responses. Within the top 5 variants associated with AL
phenotypes, CG15824 represented 4 of these hits. This is particularly intriguing
considering CG15824’s only known function is involved in male testis expression
(flybase.org) and all of the flies used in all experiments were female. Further
investigation into this gene is necessary, as its prominence in AL physical ability
phenotypes almost certainly indicate that it has another unknown function. CG42268 was
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another gene in which a variant was associated with AL phenotypes. This gene plays a
role in imaginal disc formation in flies (Carreira et al, 2011), and thus could potentially
play a role in establishing natural wing morphology. With a small natural variation,
perhaps this morphology is affected in a way that inhibits physical fitness. In the DR/AL
physical ability phenotypes ratio, two variants within fz and two within luna were
indicated as possible associations. fz is known to be involved in the Wnt- signaling
pathway (Carreira et al, 2011; Strutt et al, 2012), and thus plays a significant role in a
number of mechanisms such as cell fate specification and cell proliferation. Variants to
this gene could potentially affect these mechanisms, and thus could affect a fly’s physical
ability. luna is known to be involved in oxidative stress response (Jordan et al, 2012).
Each of these genes is interesting due to their known functions or the frequency of which
these genes appear in GWAS analysis for their respective phenotypes.
A number of genes have been identified through GWAS of the phenotypes associated
with lipid metabolism, as quantified through the starvation resistance assay. The strongest
association of these variants, located in the nimB3 gene, was the most associated gene in
both AL and DR phenotypes. This gene is expressed primarily in the fat body, which is
considered homologous to the human liver, and has been identified as playing some role
in microbial infection response (Kurucz et al, 2007; Midega et al, 2013; Zhu et al, 2013).
If both DR and AL responses are associated with this gene, it could very well provide the
key to understanding how lipid metabolism can play a role in immune response. Ance-3,
a gene located very close to nimB3, also appeared in this screen, and it is possible that it
is involved in some sort of interaction with nimB3. Another potential gene of interest is
retinal degeneration A (rdgA), which was identified by 3 separate SNPs in the top five
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DR phenotype variants. rdgA is known to be involved in photoreceptor degeneration
(Georgiev et al, 2005; Kain et al, 2008). It has also been implicated with interacting with
the fly protein Cytochrome (dCRY), known to be involved with circadian rhythms
(Mazzotta et al, 2013). It has been reported before that there is a link between nutrientsensing and circadian clocks (Giebultowicz and Kapahi, 2010), so the role of rdgA in
lipid metabolism could be key in regulation of these rhythms. Aging individuals naturally
lose control of their circadian rhythms, which in turn can affect lipid metabolism (Ando,
2013; Bandin et al, 2013; Hughes et al, 2012; Tevy, 2013). rdgA and its role in nutrient
response may provide the reasoning behind this phenomenon. Additionally, the presence
of CG8546 is intriguing because it is in the pickpocket gene family. ppk12 was already
identified in the lifespan screen, so another gene within the same family appearing in a
different screen adds to the intrigue regarding this gene family and its potential role in
DR- and AL-related phenotypes. As lipid metabolism is an important factor in the
process of healthy living and poor metabolism is seen as an indicator of poor health,
understanding any mechanisms that regulate lipid metabolism is crucial.
The body weight assay provided very strong results, as some of the variants identified
with the strongest associations to body weight were located within the same gene. It is
also noteworthy that one variant appeared significant in response to both AL and DR
phenotypes, and that the top variant associated with DR/AL ratio is in a gene that is
related to triglyceride lipase activity. The top variant associated with DR body weight
phenotype, located in CG43921, was also the variant with the second-strongest associated
with AL phenotype. Association with both phenotypes further suggests this genes role in
regulating body weight upon different diets. CG43921 is known to be associated with
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planar cell polarity proteins, but the exact molecular function is unknown (Weber et al,
2012). Another gene in which a variant proved to be important is CG11970. This gene
had variants that made up three of the top five variants in relation to AL phenotype.
CG11970 is associated with DNA-binding transcription factor activity, but little is known
about its exact function (flybase.org). The top variant associated with the DR/AL body
weight ratio phenotype was found in CG7329. This gene is predicted to play a role in
triglyceride lipase activity (Horne et al, 2009), but no phenotypic information is known
about the gene. Based on the predicted role, it makes sense that it may be associated with
regulating body weight in different dietary conditions, as triglyceride levels are part of
what makes up an individual’s body weight. Also interesting is that the fourth-strongest
variant associated with AL body weight phenotype was rdgA, again suggesting its role in
regulating lipid storage and metabolism. Identifying the QTLs associated with body
weight phenotypes phenotypes brings us closer to finding the genetic basis for body
weight, as well as finding how body weight is regulated upon AL and DR diets.
The preliminary data for triglyceride variability upon AL and DR was analyzed and
revealed a few interesting gene associations. Although none were significant, 3 separate
variants within bru-3 were near the top hits for triglyceride levels associated with DR
diet. bru-3 is related to transcription regulation (Delauney et al, 2004; Good et al, 2000;
Kandul and Noor, 2009), and thus slight variations could play a role in affecting this
regulation. Additionally, Dgk was a hit shown to be associated with DR/AL triglyceride
level ratio. As diacylglycerol kinase activity has already been shown to play a role in
lifespan extension via the TOR (Lin et al, 2013), it is possible that effects of this gene
also affect this pathway. Dgk has also been implicated in neuronal expression (Harden et
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al, 1993; Inoue et al, 1992; Masai et al, 1992), so perhaps there is a relationship in this
expression that aids in triglyceride level regulation. As triglycerides have frequently been
cited as common markers for diet-related disease (Ekblom-Bak et al, 2014; Tani et al,
2014; Zhu et al, 2013), it is essential to understand more about the pathways that regulate
them. Understanding the genetic basis for triglyceride formation can provides insight into
the way they are stored, how they are metabolized, and how this affects the lifespan.
Through RNA sequencing analysis (Figure 12), it was determined that, with the
exception of CG43921, all identified variants in the starvation resistance and body weight
screens were found within coding regions of their respective genes. This provides insight
into the validity of the identified variants, as it is now known that these variants may play
a role in mRNA transcripts that are incorrectly transcribed and thus affect fly phenotype.
Further analysis into other variants associated with other traits might also provide this
sort of insight, to better understand the mechanisms behind the effects of these variants.
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Figure 13 – Map of top genes pinpointed across the 4 fly chromosomes.
Square symbols indicate genes associated with lifespan modulation, triangles indicate
genes associated with physical ability, stars indicate genes associated with starvation
resistance, circles indicate genes associated with body weight regulation, and hearts
indicate genes associated with triglyceride levels. DR-related genes are signified in blue,
AL in red, and DR/AL ratio in green.
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CONCLUSION
The greatest strength of my use of the DGRP is that it provides limitless possibilities for
future studies on how QTLs affect nutrient response. Although this study has provided
much information about the role of QTLs in response DR conditions, there is still and
exorbitant amount of analysis that must be performed to gain further insight into these
mechanisms. Many of the identified genes must be verified, so as to confirm their role in
the corresponding phenotype. In flies, this can be performed by RNA interference
(RNAi) or single-locus mutagenesis. Should the strains in which genes of interest are
knocked down or mutagenized mirror the phenotypes displayed by flies with those
polymorphisms in previous experiments, it will support the conclusion that the gene plays
an active role in the observed phenotype. Following confirmation, the next step is to
determine the specific molecular mechanisms by which these QTLs regulate DR and AL
response.
Further analysis can also be performed to determine QTLs associated with multiple
phenotypes within strains. For example, strains have been observed with enhanced
starvation resistance after being raised on DR but a severely decreased lifespan under
these conditions. The reasons for this are not known but are intriguing, and finding the
genetic basis for this phenomenon would provide interesting insight into the mechanisms
underlying DR response. Additional analysis of the data already obtained includes
investigation into the rates of death in the lifespan assay. If there are flies dying
consistently throughout the assay, it could provide indication that the flies are not healthy
throughout their lifespan, which would provide more robust data to complement the
physical fitness assay.
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Another way to interpret some of the data already obtained includes analyzing the rate of
decline in physical ability. In this study total ability was recorded, but perhaps the total
capacity of activity throughout the lifespan is not necessarily the best metric for
determining fitness. It is also possible to declare a threshold at which it is determined that
when a certain percentage of flies are unable to cross the line, the quality of life within
the particular strain of flies is no longer within healthy limits.
Other ideas for further studies include tests for additional phenotypes that may be
affected by DR conditions. As discussed earlier, there is a known tradeoff between
fecundity and lifespan (Adler et al, 2013), and the connection between these two
phenotypes is not yet elucidated. Measuring the fecundity of the DGRP strains can
provide further insight into this phenotype. Additionally, it is possible to observe the
activity flies over a 24-hour period for circadian rhythms analysis. Metabolomic and
transcriptomic studies can also be performed using the DGRP to identify active gene
expression during DR and AL responses (Gat-Viks et al, 2013; Montgomery and
Dermitzakis, 2011; Schraiber et al, 2013; Yvert et al, 2003; Zhu et al, 2012). Other traits
that may be observed include development rate as well as the abundance and variety of
gut microbes.
The opportunities for QTL analysis in response to DR and AL conditions with the DGRP
are vast, but they have already provided valuable insights into the role of genetic
variation on nutrient response. Identifying the QTLs responsible for DR benefits will
allow for a better understanding of the metabolic mechanisms related to lifespan and
healthspan, and can offer an opportunity to provide us with a longer and healthier life.
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Supplemental Figures

Supplemental Figure 1 – Dot plot showing starvation resistance phenotypes
associated with different nimB3 variants at genome location 2L_13967604.
(A) DR starvation resistance results. Although not significant, there is a noticeable
difference between flies containing a cytosine and flies containing a thymine on
chromosome 2L, gene location 13967604.
(B) AL starvation resistance results. The difference between flies containing a cytosine
and those containing a thymine is significant.
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